The use of zinc triflate (trifluoromethanesulfonate), [Zn(OTf)2] as a precursor in the aerosol assisted chemical vapour deposition of zinc oxide thin films is described. Aluminum doped zinc oxide (AZO) thin films are also shown to be deposited when aluminum acetylacetonate [Al(acac)3] was introduced into the precursor solution, illustrating the versatility of this system. Film characterization techniques include glancing angle X-ray powder diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy and optical and electrical measurements. AZO films with an Al content of 7 at.% were found to have favourable transparent conducting oxide properties with simultaneous high transparency (> 80 %) in the visible light region and a low electrical resistivity (1.96 × 10 -3 Ω cm).
Introduction
Zinc oxide (ZnO) is a II-VI semiconductor material and one of only a few materials that can combine high optical transparency with low electrical resistivity to act as a transparent conducting oxide (TCO) material. Thin films of nominally undoped ZnO exhibit n-type conductivity, traditionally attributed to native point defects such as zinc interstitials or oxygen vacancies. However, computational studies suggest the unintentional incorporation of hydrogen contributes significantly to the observed conductivity [1] . The conductivity can be increased upon doping with an extrinsic dopant source, such as Al or Ga, creating shallow donor states close to the conduction band of ZnO. At present, the leading commercial TCO material is indium tin oxide (ITO) [2] which is used in a number of applications such as the transparent electrode in flat panel displays, or in solar cells and organic light emitting diodes [3, 4] .
Alternative TCO materials are sought to replace ITO, driven in part by the high and volatile cost of indium and its short supply, reflected in the price of ITO and the subsequent electronic devices in which ITO is used [5] . TCO materials of doped ZnO and SnO2 address these issues relating to the use of ITO whilst also exhibiting the potential to meet the demands for ever improved film properties from the commercial technology sector [6] . Aluminium doped ZnO (AZO) is a particularly promising candidate due to its ITO comparable TCO properties and the non-toxicity, abundance and relative inexpensive use of Zn [7] .
ZnO and AZO have been deposited by a number of routes including physical vapour deposition methods such as pulsed laser deposition (PLD) [8] and sputtering [9] and by solution based methods such as spray pyrolysis [10] and sol-gel [11] . Chemical vapour deposition (CVD) is also widely used in variations including metal organic (MO)CVD [12] , low pressure (LP)CVD [13] , plasma enhanced (PE)CVD [14] and aerosol-assisted (AA)CVD [15, 16] . AACVD has a number of advantages that have been discussed in detail by Hou and Choy [17] and more recently by Carmalt and co-workers [18, 19] . Since the precursor is dissolved in a suitable solvent and delivered in the form of aerosol droplets, the requirement that a precursor be volatile is removed allowing for a greater selection of potential precursor compounds [20, 21] .
The most widely used zinc precursor for CVD is diethylzinc [22] , however, its pyrophoric nature and high reactivity [23] make it difficult to handle and can lead to undesired and problematic pre-reaction and deposition issues. These issues drive research into other precursor systems including synthesised compounds, such as alkyl zinc alkoxides [24] and zinc β-iminoesterates [25] . Other commercially available compounds including zinc acetate [26] and zinc acetylacetonate [27] have been investigated, but their use has been limited by unfavourable thermal properties [28] . One relatively inexpensive, air stable and commercially available zinc complex which has not been used as a CVD precursor, is zinc triflate [Zn(OTf)2] (OTf -CF3SO3). Used in organic chemistry as a catalyst for a variety of reactions [29, 30] , zinc triflate has also been used in inorganic chemistry by Granum et al. [31] as a starting material for the synthesis of zinc β-ketoiminate complexes. Using AACVD to overcome its lack of volatility, we report the first use of zinc triflate as a zinc precursor in the AACVD of ZnO thin films. The potential of this facile route is exemplified in the synthesis of AZO thin films when aluminium acetylacetonate [Al(acac)3] is added as a dopant source with the zinc triflate.
Experimental Section

General Procedures
Nitrogen (99.99%) was obtained from BOC and used as supplied. Zinc triflate was procured were formed in an AACVD glass bubbler flask which has an inlet valve for the carrier gas and an outlet valve for the aerosol. After 10 minutes of stirring, a Liquifog® piezo ultrasonic atomizer was used to create an aerosol from the precursor solution which was carried in an N2 carrier gas out of the bubbler through a brass baffle into the cold-walled, horizontal-bed CVD reactor. The reactor was fitted with a graphite block containing a Whatman cartridge heater, used to heat the glass substrate, the temperature of which was controlled and monitored using a Platinum-Rhodium thermocouple. Films were deposited onto Pilkington NSG float glass substrates (145 mm × 45 mm × 4 mm) with a 25 nm barrier layer of crystalline SiO2. A second glass plate was held 6 mm above the glass substrate in order to quash any air turbulence and ensure a laminar gas flow. Prior to deposition the glass substrate was cleaned using isopropyl alcohol and acetone. Depositions were carried out at a substrate temperature of 600 °C. The temperature was limmited in range by the decomposition temperature of the zinc triflate precursor of 520 -565 °C (see presursor studies) and the melting temperature of the underlying glass substrate. A flow rate of N2 of 1.2 Lmin -1 was found to give the best substrate coverage and deposition times varied between 30 and 35 minutes. After deposition, the glass substrates were allowed to cool under a flow of nitrogen to below 100 °C before being removed.
Film Analysis Methods
Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out from room temperature (23 °C) to 600 °C under helium in open aluminum pans using a Netzsch STA 449 C Jupiter Thermo-microbalance. X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Discover X-ray diffractometer using monochromatic Cu Kα1 and Cu
Kα2 radiation of wavelengths 1.54056 and 1.54439 Å respectively, emitted with a voltage of 40 kV and a current of 40 mA. Scanning electron microscopy (SEM) was performed using a Philips XL30 FEG operating in plane and cross section mode at varying instrument magnifications from ×10,000 to ×50,000. Film thickness was estimated using a Filmetrics F20 thin film measurement system. X-ray photoelectron spectroscopy (XPS) surface and depth profiling was performed using a Thermo Scientific K-Alpha XPS system using monochromatic Al Kα radiation at 1486.6 eV X-ray source. Etching was achieved using an Ar ion etch beam at 1 KeV with a current of 1.55 μA. 180 levels of 30 second etching were performed. The spectral regions for Zn 2p, O 1s, Al 2p and C 1s were scanned as well as a survey spectrum to detect any additional elements. CasaXPS software was used to analyses the data with binding energies referenced to an adventitious C 1s peak at 284.8 eV. UV/Vis/NIR transmission spectra were recorded using a PerkinElmer Lambda 950 spectrometer in the range of 250 -1400 nm, following an air background correction. Sheet resistance measurements were recorded using the Van der Pauw method and Hall Effect measurements made to determine the mobility and free carrier concentrations of the deposited films.
Results and Discussion
ZnO thin films were deposited from the AACVD of [Zn(OTf)2] in methanol at 600 °C on SiO2 properties (transparency/conductivity) were observed when Al was added in a Al:Zn molar ratio of 0.05:1. The aluminum doping of these films was found to be 7 at.% (XPS).
Scheme 1. AACVD of ZnO and AZO thin films from [Zn(OTf)2] and [Al(acac)3] precursors
The films exhibited good uniformity and coverage with deposition observed to occur on both the glass substrate and top plate as a result of thermophoretic effects [32] . Films exhibited strong adherence to the glass substrate, passing the Scotch© tape test and only being removed upon intense scratching with a steel scalpel. Solubility testing indicated that the films were insoluble in common solvents (ethanol, THF, toluene and 2-propanol) but were removed in nitric acid (2 M). Deposited films also appeared highly transparent with only a very light brown tint, indicative of low level carbon contamination.
Precursor Studies
TGA and DSC ( Figure 1) is a hygroscopic powder, this mass loss is likely to be the loss of a residual solvent and water. 
X-ray Diffraction
Glancing angle X-ray diffraction (XRD) patterns of the films were recorded ( Figure 2 ) and as expected, confirmed the formation of hexagonal wurtzite ZnO. Significant preferred orientation was observed along the (002) plane resulting from the packing of the crystallites occurring along the c-axis, perpendicular to the underlying substrate. 
Scanning Electron Microscopy
Scanning electron microscopy (SEM) images (Figure 3 a-f) show a film structure of rounded agglomerated particles, indicative of a Volmer-Weber type island growth mechanism. The surface morphology of the ZnO films appears not to change upon doping with Al and the plane view image of the AZO film at ×50,000 magnification (Figure 3c ) illustrates in greater detail the particle cluster growth of the film. The depth profile for the AZO thin film deposited from a precursor solution of Al:Zn in a molar ratio of 0.05:1 ( Figure 5 ) revealed the sample to be predominantly ZnO with an average Al concentration of 7 at.%. Although high levels of carbon contamination were detected at the surface it decreased to low levels in the bulk of the film.
Optical Properties
The transmission characteristics of the ZnO and AZO films were investigated using UV/vis/near IR spectrometry, recorded between 250 and 1400 nm ( Figure 6 ). The ZnO and AZO films have an average transparency of 79% (peaking at 80%) and 83% (peaking at 85%)
respectively, comparing well to the > 80%, a value often quoted for films described as highly transparent [35] . The sharp decrease in transmission of the deposited films between 300 and 400 nm is a result of the onset of fundamental adsorption. This has been used to estimate the optical band gap of the films using the Tauc relation [36] by finding the intercept of the hv axis from a line of steepest gradient for the linear region of a (αhv) 1/2 vs. hv plot (Figure 6 (inset) ). The band gap of the ZnO and AZO films were determined to be 3.7 and 3.9 eV respectively. This shift is indicative of Al doping due to the Burstein-Moss effect [37, 38] in which the additional electrons populate the lower levels of the conduction band, resulting in an increased band gap.
Electrical Properties
Four-point probe measurements were taken of the ZnO and AZO films deposited at 600 °C. produced AZO films with a sheet resistance as low as 4.9 Ω/□ for films with 78% optical transparency and 10.9 Ω/□ for films with 83% optical transparency [40] .
Conclusion
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